In this paper, we report data related to the reproductive biology of a cosmopolitan mesobathyal lobster, Polycheles typhlops (Decapoda: Polychelidae), caught in the Sardinian waters between 400 and 1400 m of depth. Macroscopic and microscopic analyses were performed on 1104 females and 895 males. The observation on the gonads leads us to conclude that there are seven and four stages of development for the females and for males, respectively. Monthly variations of the percentage distribution related to various stages of development of the ovary and the presence of ovigerous females indicated that the species does not seem to follow a marked seasonal reproductive model, with a long main period for egg hatching that seems to occur between spring and autumn.
INTRODUCTION
The deep-sea lobster Polycheles typhlops Heller, 1862 (Decapoda: Polychelidae), a mesobathyal species, is distributed throughout the Indo-Pacific and along both sides of the Atlantic (Ahyong and Chan, 2004) . P. typhlops lives at extreme depths, from 450 to 2000 m, where it plays an important role in the soft-bottom decapod-crustacean communities off the Mediterranean waters (Carpine, 1970; Arena and Li Greci, 1973; Relini et al., 1986; Abello et al., 1988; Mura and Cau, 1994) . In Sardinian waters, this species is found at shallower depths in the winter (600 m and 650 m), than in the summer (700 m to 750 m) (Mura and Cau, 1992) , with a known depth distribution of 350 to 900 m reported (Mura, 1987) .
Knowledge of the biology and ecology of P. typhlops is still scanty and geographically limited, although this species is one of the dominant and most characteristic crustaceans in deep-sea communities of the Mediterranean Sea (Cartes and Abellò, 1990; Labrapoulou and Kostikas, 1999) . Little information is available on their reproductive biology. In males, the sperm is packed in spermatophores in the vas deferens and transferred by attachment of spermatophores to the surface of the posterior sterna of the females (Andrews, 1911; Santucci, 1933) . The eggs are carried by pleopods I, II, and III in two longitudinal clusters (Santucci, 1933) . Some aspects of the biology and ethology were studied by Santucci (1933) in the Ligurian Sea, who reported first data about sex-ratio, fecundity, moult, period of greater development of ovaries, and capture of the ovigerous females.
Some aspects of the reproductive biology and population biology were reported by Abellò and Cartes (1992) , who stated the existence of a marked sexual dimorphism and provided information on the size of maturity of males and females, and recruitment. In the Ionian Sea, Maiorano et al. (1998) determined size-frequency distribution by sex, season and depth strata, sexual maturity, and identified a reproductive peak. Company et al. (2003 Company et al. ( -2004 analysed and compared the reproductive period of several decapod crustaceans including P. typhlops and showed a different behaviour in reproduction from other species analysed. The reproduction of this species, in fact, appears to occur year round. Company et al. (2003 Company et al. ( , 2004 suggested that the reproductive behaviour can be correlated with the blindness of this species (Bernard, 1953; Beaubrun, 1979; Ahyong and Chan, 2004) , according to the hypothesis that light plays an important role in metabolic activity (Childress, 1995; Seibel et al., 2000) .
In the Sardinian waters, Mura (1987) determined males and females size ranges, and dimension of the smallest ovigerous female, and Follesa et al. (2007) provided data on population structure, size distribution by sex and by depth, and some preliminary information on spawning. Arculeo et al. (1995) and Kao et al. (1999) undertook macroscopic analysis of gonad size, shape, and color, and histological methods to identify oöcyte size and frequency to assess gonadal changes in the reproductive cycles of crustaceans. Currently, no study of morphology and development description of the gonads are available for P. typhlops. Therefore, the aim of the present study is to characterize gonads (both from males and females) and establish a macroscopic and histological staging of development towards maturity in order to identify the reproductive period in this lobster.
MATERIALS AND METHODS
The specimens were collected in 2006 from national (GRUND: Relini, 1998) and regional trawl surveys carried out between 10 and 800 m depth in Sardinian waters and between 800 and 1400 m in the Sardinian Channel (January, May, June, July and November). In the months without specific collection efforts, specimens were obtained from the fraction of waste derived from commercial trawls carried out along the southwestern coast of the island. An average of 7 samples was made each month except for February and August (only 2 samples). All of the samples were taken using a bottom otter trawl with a 20 mm cod end stretched mesh. Gear selectivity was assumed to be constant because the same vessel and fishing gear were used.
For each specimen, the carapace length (CL, in mm, from the posterior margin of the eye socket to the posterior end of the carapace), gonad length (GL, in mm, from the cephalic horn to the thoracic horn), total length (TL, in mm, from the posterior margin of the eye socket to the posterior end of the telson), gonad width (GW, in mm, measured at the height of the cephalic horn), and gonad weight (GWE, in g, determined wet, after removal of surface water by blotting on tissue paper) were measured, and the sex was established. All length measurements were taken with a digital caliper to the nearest 0.1 mm. The presence of spermatophores in the thelycum and eggs in females, the development degree of hemispermatophores and their appearance from the terminal ampullae of the vas deferens in the males were observed.
The determination of stage's development maturity of the female and male gonads was performed using both macroscopic evaluations of the reproductive system according to the structure, shape, dimensions and color (Pantone Matching System, Carlstadt, New Jersey, U.S.A.) and histological techniques. After the cephalotorax dissecting, gonads of all specimens analysed were described, photographed, and then fixed in Carnoy's solution for histological examination. Then the mid-section of each gonad was dehydrated in an ascending series of alcohols (958 12/24 h, 1008 24 h) and fixed in resin (vacuum for 24 h). Gonads were sectioned using a LKB Historange Microtome at a thickness of 3 lm and the semifine sections technique, oven-dried at 458C during 48 h, and stained with Sodium Iodoeosine and Toluidine Blue (Dominici's method) (Mazzi 1977) .
Stages of oöcyte and sperm development were identified at 40-2003 magnification with the use of an optic microscope (Labrolux 12).
Oöcytes were measured and counted by stage, and only those oöcytes that had been sectioned through the nucleus were measured with the image analysis program, tpsDig2 (Rohlf, 2005) . We measured the minimum and maximum diameter of oöcytes and the average diameter was used to calculate the nucleoplasmatic ratio (NPR):
where Vn ¼ nucleus volume and Vc ¼ cytoplasm volume. Stages of gonad maturity were determined on the basis of the relative abundance of oöcytes or spermatogenic cells in the more advanced stages of development. For both sexes, the monthly variations of the percentage distribution of the stages of development were analyzed. Fecundity was, also, estimated from total external egg number forming the whole clutch. The eggs carried on the pleopods were removed with a spatula and the egg mass weighed wet. Subsamples of eggs from the whole brood were weighed and counted. The relationship of the number of eggs to the body length (LC, in mm) of females was analysed as log-transformed data, determined by the regression equation:
where y is the number of eggs per brood, x the CL (mm) of ovigerous females, a is the intercept of the equation, and b the slope.
RESULTS
Were analysed 1999 specimens of P. typhlops, of which 1104 were females and 895 were males. Females showed a range in size between 13.8 and 43.4 mm CL with a mean carapace length of about 26.5 6 4.1. The smallest ovigerous female measured 21.8 mm CL (average CL ¼ 27.4 6 3.4) while the smallest female with spermathophores measured 20.5 mm CL (average CL ¼ 27.6 6 3.8). Males showed a range in size between 10.0 mm and 31.4 mm CL, with a mean CL of 22.0 6 2.3. The smallest male with hemispermatophores, that start to be visible inside the terminal ampullae, measured 16.8 mm CL, while the smallest specimen with hemi-spermatophores (completely constituted and visible inside the terminal ampullae) measures 18.5 mm CL (Fig. 1) .
Macroscopic examination of the gonads of P. typhlops revealed a double structure joined by a segment in median region, overlying the digestive gland, and generally shows a cross-like shape with two cephalic and two thoracic horns.
Females
The ovaries are stretched along the dorsal mid-line of the thoracic cavity and at maturity occupy most of this cavity. The shape, dimension and color change depending on developmental stage. Microscopically, in all stages of development, the ovary is characterized by the presence of a germinative zone where the oögonia are located and mitosis takes place.
Macroscopic and histological analysis of the ovaries allowed us to identify seven stages of development, based on morphology, external color, and the most advanced oögenic stages present (Fig. 2) . The seven stages of development were grouped into four main phases (phase 1, inactive; phase 2, maturing; phase 3, mature; phase 4, post-deposition). We found 33 immature specimens (stage 1a), 103 quiescent specimens (stage 1b), 135 developing specimens (stage 2a), 151 ripening specimens (stage 2b), 93 mature specimens (stage 3), 119 reabsorbing specimens (stage 4a), 236 spent specimens (stage 4b) and 234 specimens for which was not possible to attribute a stage of development due to the high degree of deterioration in the gonad.
Stage 1a; Immature.-The typical ovaries of young immature specimens (13.8-21.8 mm CL; mean 19.7 6 1.8) that have never spawned are thin and translucent in color with a tubular appearance and are adherent to the dorsal portion of the digestive gland. Eggs are not yet visible to the naked eye. The GL ¼ 5.5 6 1.4 mm, GW ¼ 0.4 6 0.2 mm, and GWE ¼ 0.004 6 0.004. The NPR value is 0.685. Microscopically the ovaries contained oögonia and basophils (B) oöcytes with a uniform cytoplasm, strongly basophilic and homogeneous, and found grouped in the germinative zone. The nucleus, of elevated dimensions in relation to the cytoplasmic space, presents nucleoli that vary in number, dimension, and position. The follicle cells are not visible. The diameter of the basophils oöcytes varied between 10 and 35 lm, with a mean diameter of about 18.00 lm (SD ¼ 10.37).
Stage 1b; Quiescent.-Ovaries, typical of resting specimens (18.5-33.8 mm LC; mean 24.6 6 2.8) were white in color, which was more intense as ovaries increased in volume and length, and with the median segment that appeared particularly enlarged. The eggs are not visible to the naked eye. The GL ¼ 8.6 6 1.9 mm, GW ¼ 1.0 6 0.4 mm, and GWE ¼ 0.024 6 0.024. Oöcytes have a less basophilic and homogeneous cytoplasm, due to the appearance of visible lipid vesicles (LV), placed peripherally to the cell membrane. Lipid vesicles subsequently increase in number and dimension and occupied a large part of the cytoplasmic space. Each oöcyte is surrounded by a single layer of follicle cells. The diameter of the LV oöcytes varied between 135 and 325 lm, with a mean diameter of 232.00 lm (SD ¼ 61.11) and NPR ¼ 0.034. Stage 2b; Ripening.-The ovaries are yellow (PMS 1225) in color, occupied much of thoracic cavity of ripening specimens (21.1-33.2 mm LC; mean 26.3 6 2.4), and the cephalic horns begin to bend. Development of oöcytes begins in the cephalic horns and subsequently it extends to the whole ovarian structure until the thoracic horns. The GL ¼ 13.9 6 3.0 mm, GW ¼ 2.2 6 0.6 mm, and GWE ¼ 0.144 6 0.080. The eggs are visible to the naked eye and achieve considerable dimensions (240-425 lm; mean ¼ 357.00 6 49.73). The yolk droplets begin to compact and blend from the periphery of the egg together with a progressive migration of the nucleus toward the animal pole. The layer of follicular cells begins to thin. The NPR value still decreases due to progressive migration of the nucleus toward the animal pole (0.005).
Stage 3; Mature.-The ovaries are typical of mature specimens (23.1-38.2 mm LC; mean 29.2 6 3.8), orange (PMS 1365) in color, are turgid and occupied the entire thoracic cavity reaching the maximum dimensions, and the distal horns are particular enlarged and bent. The GL ¼ 17.6 6 3.9 mm, GW ¼ 3.0 6 0.7 mm, and GWE ¼ 0.304 6 0.191. The eggs are of considerable dimensions, visible to the naked eye, and are ready for spawning. The ovary is entirely filled with oöcytes and the cytoplasm filled with yolk granules. The oöcytes appear completely stuck to one another, forming a mosaic pattern. With the dissolution of the nuclear membrane the nucleus disappears and the eggs reach maximum dimensions (320-555 lm mean ¼ 428.75 6 74.05). Stage 4a; Reabsorbing.-The ovaries of reabsorbing specimens (23.7-43.4 mm LC; mean 30.8 6 4.0) are in reabsorption, after the deposition of the eggs. The eggs that are not extruded begin to be reabsorbed and assume a dark orange (PMS 153) color that confers upon the gonad an irregular appearance. The GL ¼ 13.6 6 3.6 mm, GW ¼ 2.1 6 0.8 mm, and GWE ¼ 0.154 6 0.141. The next phases to the deposition are characterized histologically by the appearance of atresic oöcytes (AT).
Stage 4b; Spent.-The ovaries after the deposition of the eggs (22.5-41.8 mm LC; mean 27.9 6 3.8) loses the characteristic turgidity of the preceding stages and becomes translucent. The GL ¼ 9.7 6 2.5 mm, GW ¼ 1.1 6 0.5 mm, and GWE ¼ 0.033 6 0.042. The histology appears disorganized due to the collapse of the empty ovary. The reabsorption of the oöcytes is almost complete, but nevertheless, a few oöcytes, which have not been expelled are dark orange (PMS 153) in color. These non-functional oöcytes have an irregular shape and gradually decrease in size up to phagocytosis.
The mean fecundity of females was 2564 6 1167 eggs (min. 1053, max. 6445) and increased with size of the individuals (Fig. 4) . Almost all the ovigerous females possessed 4a or 4b stages of ovary development. In some cases, ovigerous females also possessed developing (8%) or fully mature (3%) ovaries.
The analysis of the monthly distribution trend of female gonad maturity stages shows a constant presence of all stages in whole year with a greater frequency of stage 2b and 3 in the period between January and July (Fig. 5A ).
Males
The male reproductive tract consists of paired testes and vasa deferentia and is located in the thoracic cavity. Each testis consists of a convoluted tube, with the seminiferous lobules in various series, that confers a grainy aspect to the gonad. Each vas deferens extends from the thoracic horns of the testis towards the terminal ampulla, a dilation located on the coxae of the fifth pereiopods, where the gonopore is found.
For males, a four stages scale of maturation was established, relating to spermatogenesis and degree of development of the hemi-spermatophores. The shape, size and color of the testis do not change further in relation to the developmental stage, while dimension, color and consistence of the hemi-spermatophores change evidently (Fig. 3) . We found 3 immature specimens (stage 1), 348 maturing specimens (stage 2), 420 mature specimens (stage 3), 45 post extrusion specimens (stage 4), and, similar with females, 79 specimens for which was not possible to attribute a stage. Stage 2; Maturing.-This stage is typical of maturing specimens (15.1-28.8 mm LC; mean 21.6 6 2.2) and corresponds to the activity of spermatogenesis, in which spermatocytes, spermatids and few spermatozoa are present with the spermatogonia. The testis starts to lengthen and to slightly thicken. Moreover, the process of formation of the hemi-spermatophores, begins inside the vas deferens, which appears to be entirely thin and transparent in color. The terminal ampullae are still empty.
Stage 3; Mature-Extrusion.-The testis of this specimens (16.8-31.4 mm LC; mean 22.2 6 2.2) reach the maximum dimensions and are characterized by the presence of large numbers of spermatozoa in the central part of the lobules and at times by spermatocytes and spermatids in the more peripheral zones. The spermatozoa are carried inside the hemi-spermatophores that begin to thicken and appear convolute and are an intense white color. The sperm mass, surrounded by a strong basophilic noncellular substance, is less basophilic and is present in the vas deferens. The hemispermatophores start to be visible inside the terminal ampullae.
Stage 4; Post Extrusion.-In this specimens (18.5-29.6 mm LC; mean 22.6 6 2.6) the testis appear empty or with few residual spermatozoa due to the expulsion of the gametic products. The histology appears disorganized due to the collapse of the empty tubules. The hemi-spermatophores, completely constituted and visible inside the terminal ampullae, are extruded through the gonopores, and form the spermathophore, which is deposited on the thelycum of the female.
Males gonads are active all year round and sperm production does not appear correlated with season (Fig. 5B) . In the males examined, mature or maturing testis were found for all specimens larger than 15.1 mm CL.
DISCUSSION
In the present study some population characteristics and a macroscopic and histological description of gonads with development changes of P. typhlops has been presented.
We found that the smallest female with spermatophores was 20.5 mm CL, the smallest ovigerous female was 21.8 mm CL, and the smallest male that carried external spermatophores was 16.8 mm CL, in agreement with Maiorano et al. (1998) who indicated that sexual maturity was reached at even smaller sizes than those reported by Abellò and Cartes (the smallest ovigerous female was 23 mm CL, and the smallest male carried external spermatophores was 17 mm CL).
The ovaries of P. typhlops shows a cross shape that appears to be similar to those described for the two Polychelidae, Polycheles nanus (Smith, 1884) and P. sculptus (Smith, 1880) , by Wenner (1979) from the Western North Atlantic. The color pattern is clearer (whitish, yellow, orange), than that of any other Mediterranean middle-slope dwelling decapod crustacean (ovaries and eggs appear violet) (Company et al., 2003) . The eggs carried on the pleopods show a whitish color tonality like pleon of the animal (Santucci, 1933; Galil, 2000) . We think that this pattern of color may have an adaptive significance that allows the eggs to camouflage with the pleon of the mother, allowing a greater chance of survival before the hatch.
In this paper, we proposed seven stages developmental scale for the ovaries of P. typhlops. The maturation process exhibits progressive changes. The ovaries initially whitetraslucent in color, and become increasingly orange as the oöcytes accumulate vitellin granules until the mature phase. We found that ovary length, width and weight increase gradually from immature stages to mature ones, then rapidly decrease in the post-deposition stages. The diameter of the oöcytes increases until the deposition, while the NPR value decreases due to the progressive migration of the nucleus toward the animal pole until its disappearance. In contrast to Wenner (1979) , who defined six stages of ovarian development with only one post-deposition stage in Polycheles spp., we divided the post-deposition phase in two distinct stages (4a e 4b). These stages substantially differ for the ovary dimensions, the more turgidity of 4a stage, and color due to the presence in stage 4b of few oöcytes not deposed that have not been reabsorbed yet and appear like orangebrown dots.
Fecundity (2564 eggs/individual), which, as for other species of decapod crustaceans, increases with size of the individuals Garcia-Guerrero & Hendrickx, 2005; Haddy et al., 2005) , proved to be approximately half the value reported by Santucci (1933) (ca. 5310 eggs/ individual) for the Ligurian Sea. This could be due to the fact that the 10 ovigerous females analyzed by Santucci (1933) was larger (TL between 60.0 and 100.0 mm, mean ¼ 84.0 610.5) then the 61 individuals analyzed in this paper (TL between 53.0 and 78.7 mm, mean ¼ 63.1 6 6.9).
A large percentage of ovigerous females appeared with spent and resting ovaries, but there were some ovigerous individuals with ripening and mature ovaries, suggesting P. typhlops had a consecutive ovarian maturations in the same reproductive season. Furthermore, there was no evidence to suggest to us that larger specimens produce more broods than the younger, because no correlation between the size of the specimens and the number of ovigerous females with maturing or ripening ovaries was observed.
Only a few authors have attempted to identify the reproductive period of this species (Santucci, 1933; Maiorano et al., 1998; Company et al., 2003 Company et al., , 2004 Follesa et al., 2007) . A few specimens (only 96 females examined over the whole year for the Ligurian Sea), and a restricted sampling period (March, May, July, October-November sampled for the Ionian Sea) characterized the previous works. Santucci (1933) and Maiorano et al. (1998) identified a period for the greatest presence of ovigerous females that seems to occur between spring and summer. In disagreement with the other authors, Company et al. (2003 Company et al. ( , 2004 observed that P. typhlops is the only species (among 19 Mediterranean bathyal decapod crustaceans from different taxonomical levels and habitats), found below 600 m that did not seem to follow any marked seasonal reproductive model. The continuous reproductive activity has been observed even in other polychelid species such as P. nanus and P. sculptus from the Western North Atlantic (Wenner, 1979) .
Our results suggest that this species is reproductively active throughout the year, which agrees with the suggestion that this species has a long-term reproductive period. We found that the percentage of females with maturing or mature ovaries is more than 13% in all the months sampled with a greater frequency during the period between January and July (. 29%). Furthermore, the ovigerous females, although they are present throughout the year, make up a higher percentage of the total females (greater than 30%) only in the period between May and October.
